Clathrin coats alone can generate empty icosahedral terminals that binds the GTPase dynamin and the polycages; however, the formation of a clathrin-coated vesiphosphoinositide phosphatase synaptojanin, two procle from a lipid bilayer is inherently more complex. In teins implicated in synaptic vesicle endocytosis. We contrast to the assembly of a free clathrin cage, the show here that antibody-mediated disruption of eninvagination and fission of a patch of clathrin-coated dophilin function in a tonically stimulated synapse membrane may require processive rearrangements of leads to a block in the invagination of clathrin-coated molecular interactions within the coat. Major changes pits adjacent to the active zone and therefore to a are also likely to occur within the lipid bilayer itself to block of synaptic vesicle recycling. We also show that accommodate the high degree of membrane curvature in a cell-free system, endophilin is not associated with required for vesicle formation. The clathrin-coated bud clathrin coats and is a functional partner of dynamin. must finally undergo a fission reaction and be severed Our findings suggest that endophilin is part of a biofrom the donor membrane. There is evidence that multichemical machinery that acts in trans to the clathrin ple proteins assist clathrin coat components in some or coat from early stages to vesicle fission.
Introduction
The large GTPase dynamin has emerged as a key accessory protein in the process of clathrin-mediated Synaptic function requires that a pool of synaptic vesiendocytosis. Dynamin was first implicated as a critical cles competent for neurotransmitter secretion is maincomponent of the endocytic machinery through the distained in the presynaptic nerve terminal even during covery that the temperature-sensitive shibire mutation tonic activity. This goal is achieved by the rapid endoin Drosophila maps to a gene encoding a dynamin-like cytosis and recycling of synaptic vesicle components protein (Chen et al., 1991; van der Bliek and Meyerowitz, after exocytosis. Several lines of evidence suggest that 1991). Upon a shift to the restrictive temperature, preone pathway of synaptic vesicle recycling occurs via synaptic nerve terminals of shibire flies are rapidly declathrin-mediated endocytosis and requires the large pleted of synaptic vesicles and accumulate collared pits GTPase dynamin.
at the presynaptic plasma membrane, presumably frusHeuser and Reese first described the role of clathrin trated endocytic intermediates (Koenig and Ikeda, 1989). and COOH-terminal domains are 72% and 75% identical also shown that endophilin is required for the in vitro between rat endophilin and the lamprey sequence, and generation of synaptic-like microvesicles in a cell-free the two sequences were 62% identical overall. assay (Schmidt and Huttner, 1998). In the present study, We next investigated whether the lamprey endophilin we sought to determine whether endophilin is a necesortholog participates in a set of SH3 domain-mediated sary factor for synaptic vesicle endocytosis and to deprotein-protein interactions analogous to those define the stage at which endophilin is required. To investiscribed for mammalian endophilin (Ringstad et al., 1997). gate the role of endophilin in endocytosis in vivo, we A sequence necessary and sufficient for endophilin have used the giant reticulospinal axon of lamprey, a binding had been identified by screening a panel of synaptic preparation whose architecture allows for the deletion mutants derived from the proline-rich COOH microinjection of compounds or proteins directly into terminus of rat synaptojanin (N. R. and P. D. C., in prepathe presynaptic compartment. We have complemented ration). A short peptide corresponding to the endophilinthese studies with an analysis of the localization of enbinding site was used to affinity purify binding proteins dophilin on endocytic coats generated in vitro. from lamprey spinal cord extracts (Figure 2A ). Bound material was analyzed by SDS-PAGE and either protein Results staining by Coomassie blue or Western blot using antiendophilin antibodies. The major protein bound to the affinity matrix was a 46 kDa band that did not bind to Identification and Characterization of Endophilin in Lamprey a control column to which no peptide had been conjugated. Western blot analysis of the affinity-purified maAs a first step toward the study of endophilin function in the lamprey reticulospinal synapse, we identified and terial demonstrated that this protein species was recognized by the anti-endophilin antibody and corresponded characterized a lamprey endophilin ortholog. First, available anti-endophilin antibodies were screened by Westto the previously observed immunoreactivity (see Figure  1A ). After enrichment on the peptide column, a minor ern blotting of lamprey spinal cord extracts. Antibodies raised against the SH3 domain of rat endophilin recogimmunoreactive band of slightly higher molecular weight was also detected. This band may represent a second nized a prominent immunoreactivity of ‫64ف‬ kDa, an appropriate size for an endophilin ortholog ( Figure 1A) . endophilin-like protein present in lamprey spinal cord or a posttranslational modification of the major band. Second, a lamprey spinal cord cDNA library was screened by PCR using degenerate primers corresponding to Having determined that lamprey endophilin binds to the same sequences as mammalian endophilin, we next highly conserved sequences between rat endophilin and a nematode homolog. Sequencing of the major product tested whether the interactions of endophilin with dynamin and synaptojanin were similarly conserved. We revealed that the library contained an endophilin-like sequence, and the entire open reading frame was subseimmunoprecipitated endophilin protein complexes from a detergent extract of lamprey spinal cord and analyzed quently cloned ( Figure 1B) . The cloned sequence encodes a protein highly similar to mammalian endophilins the immunoprecipitated material by Western blot using antibodies against dynamin (DG-1) or antibodies against a region in the catalytic 5-phosphatase domain of synaptojanin conserved across large phylogenetic distances ( Figure 2B) . As a control, we performed immunoprecipitations from lamprey spinal cord extracts using nonimmune rabbit immunoglobulins. Both dynamin and synaptojanin immunoreactivities were specifically present in anti-endophilin immunoprecipitates, demonstrating that endophilin's interactions with synaptojanin and dynamin are conserved in lamprey. (see Experimental Procedures), and Figure 4D shows concentrations. In two synapses, these infoldings were representative fields corresponding to the data points analyzed in serial sections. Notably, they were found to in Figure 4C . The mean curvature of pits in a synapse exhibit coated pits that differed in shape from those increased as the antibody concentration decreased. located at the plasma membrane at the lateral edge of Furthermore, the variability of the curvatures of coated active zones (Figures 5A-5E ). Occasional coated vesipits in the synapse was also affected by the antibody cles were also noted. Most of these coated pits were concentration. In areas with high antibody concentradeeply invaginated with narrow necks, resembling those tions (data points 1-2 in Figures 4C and 4D) , the variabilthat accumulate after injection of the amphiphysin SH3 ity in the curvature indices of pits was low. At lower domain (Shupliakov et al., 1997). These results indicate antibody concentrations, coated pits of different shapes that the requirement for endophilin in the invagination began to occur (data points 3-4 in Figures 4C and 4D) , of coated pits depends on the site at which the coats and the overall number of coated pits per synapse also are formed. decreased.
Endophilin
Our previous studies in lamprey have shown that inhibition of synaptic vesicle endocytosis can be accompaEndophilin Is Required In Vitro for the Formation nied by the appearance of "endosome-like" structures of Dynamin Coats in the synaptic area. Serial section analyses have shown To further investigate the requirement of endophilin in that these membrane structures primarily represent inthe formation of clathrin-coated pits, we tested whether foldings of the plasma membrane (Shupliakov et al., depletion of endophilin from brain cytosol affected the 1997; Gad et al., 1998). In the present study, such information of clathrin coats on synaptic membranes in a foldings were observed at the margins of synaptic regions in several synapses exposed to high antibody cell-free coating assay. Endophilin was removed from To determine whether endophilin associates with the aptic plasma membrane. Disruption of endophilin function had a striking effect on the curvature of the clathrin endocytic coats generated in our cell-free system, we incubated synaptic membranes with control cytosol and lattice, but this effect depended on the location of the pits within the architecture of the synapse. The pits that processed this material for immunogold electron microscopy after labeling with anti-endophilin antibodies accumulated around the active zone, that is, the site where clathrin-mediated endocytosis preferentially oc- (Figure 7) . Endophilin immunoreactivity was virtually absent from clathrin-coated profiles. On the other hand, curs in the synapse (Shupliakov et al., 1997; Gad et al., 1998), were shallow. Within a given axon, their mean dynamin-coated tubules formed in the same preparation were strongly and specifically stained with the anticurvature varied with the concentration of antibody present at that site. These shallow pits were clearly body. A morphometric analysis of the immunostained material revealed that 52% of the immunogold particles distinct from the deeply invaginated coated pits that accumulate in a stimulated synapse following the injecwas associated with dynamin-coated structures. The remaining signal was diffuse and associated with untion of the SH3 domain of amphiphysin or an amphiphysin-binding proline-rich peptide (Shupliakov et al., 1997). coated membranes or matrix found between membranes. Considering that dynamin tubules represent an In contrast, coated pits that accumulated on deep infoldings of the plasma membrane represented more maextremely small fraction of the total membranes present in our cell-free assay, the enrichment of endophilin apture stages of the clathrin coat. Thus, the morphology of the coated pits in injected synapses seemed to deparent on these structures is extremely high.
We therefore conclude that endophilin is required eipend on the membrane microenvironment at which these pits originate. Our study demonstrates that enther for the formation or stabilization of dynamin-coated tubules in vitro but is not present on clathrin coats. dophilin is a protein factor required for the acquisition of curvature by clathrin-coated pits in vivo. Furthermore, Together with our observations in injected axons, these data suggest that the target of endophilin function is these data suggest that endophilin is required for this process at specific membrane domains within the nerve not the clathrin coat, but rather some factor extrinsic to the coat that affects coat invagination.
terminal. 
Initiation of synaptic vesicle recycling during a regithe pits approaching the variability observed in an uninjected synapse. men of tonic stimulation (as used in this study) is asynchronous, and one observes substantial variability in
The formation of deeply invaginated clathrin coats in vitro did not require the presence of endophilin, nor was the curvature of the coated pits in an uninjected axon, reflecting their relative maturity. In axons injected with endophilin immunoreactivity detected on these coats, consistent with observations in vivo that endophilin anti-endophilin antibodies, both the mean curvature of the coated pits localized around active zones and the function is not generally required for the acquisition of curvature by coated pits. In contrast, endophilin immuvariability of their curvatures were functions of antibody concentration. These observations are consistent with noreactivity was highly enriched on dynamin-coated membrane tubules, structures that reflect the oligomerthe hypothesis that anti-endophilin antibodies affect the rate at which nascent coated buds adopt curvature. 
